The effect of orbital degrees of freedom on the exchange interactions in the spin-1 quasi-onedimensional antiferromagnet CaV 2 O 4 is systematically studied. For this purpose a realistic lowenergy model with the parameters derived from the first-principles calculations is constructed. The exchange interactions are calculated using both the theory of infinitesimal spin rotations near the mean-field ground state and the superexchange model, which provide a consistent description. The obtained behavior of exchange interactions substantially differs from the previously proposed phenomenological picture based on the magnetic measurements and structural considerations, namely: (i) Despite quasi-one-dimensional character of the crystal structure, consisting of the zigzag chains of edge-sharing VO 6 octahedra, the electronic structure is essentially three-dimensional, that leads to finite interactions between the chains; (ii) The exchange interactions along the legs of the chains appear to dominate; and (iii) There is a substantial difference of exchange interactions in two crystallographically inequivalent chains. The combination of these three factors successfully reproduces the behavior of experimental magnetic susceptibility.
I. INTRODUCTION
The CaV 2 O 4 compound was studied both theoretically and experimentally owing to its low-dimensional magnetism and frustrated structure [1] [2] [3] . The high temperature orthorhombic phase (the space group P nam) undergoes the phase transition into low temperature monoclinic phase (the space group P 2 1 /n11) at T s ≈ 141 K. The main motif of both structures is zigzag double chains of edge-sharing VO 6 octahedra (see figure 1) . The distances between nearest and next-nearest V neighbors are nearly equal, which together with the antiferromagnetic (AFM) type of interactions gives rise to the geometrical frustration. The electronic configuration of V 3+ is 3d 2 , making CaV 2 O 4 the appropriate compound for investigation of S=1 quasi-one-dimensional magnetism. In the orthorhombic phase, the lowest t 2g orbital was supposed to be occupied by one electron, while the second electron resides on a double degenerate level 3 . The direct overlap of the first orbitals leads to the strong AFM interaction along the leg (J l ), while the interactions in the zigzag are identical (J + =J − ) and should be considerably weaker than J l . Hence, the system in the orthorhombic phase could be considered as a S=1 Haldane chain. This scenario was supported by results of exact diagonalization calculations, supplemented with the fitting of the experimental high-temperature susceptibility data, which yield J l = −18.60 meV and J + = J − = −3.02 meV 3 . Nevertheless, in the same work 3 , yet another scenario was proposed with J + = J − = −19.85 meV and J l = −0.75 meV, which equally well fits the experimental data. In both cases, the fitting yields the Curie temperature Θ = −418 K and the effective magnetic moment µ exp = 2.77µ B 3 .
Under the transition to the monoclinic phase, the additional distortions of the VO 6 octahedra completely lifts the degeneracy of t 2g orbitals and make all the exchange paths inequivalent. Moreover, two t 2g orbitals are supposed to be occupied and one orbital is empty, that should lead to the inequality (J l , J + ) ≫ J − . Such magnetic structure with the strong exchange couplings along the leg and every second interaction along the zigzag corresponds to the spin-1 ladder.
The above scenario was based solely on the qualitative structural consideration without taking into account the existence of two nonequivalent types of vanadium atoms. Moreover, the assumed type of the orbital ordering was purely empirical and had no proper link to details of the crystal structure. In the present work we report theoretical investigation of electronic structure, orbital ordering and exchange interactions in CaV 2 O 4 . For this purpose we construct the realistic low-energy model and derive parameters of this model Therefore, we consider the behavior of only these low-energy bands and construct for them Hubbard-type model. All parameters of this model can be derived from the first-principles electronic structure calculations in the Wannier basis. All computational details can be found in 10 .
Most of calculations reported in this work are performed for the experimental monoclinic P 2 1 /n11 structure (unless it is specified otherwise). We use the data from To construct the model one needs to specify the three sets of parameters, namely, the crystal field (CF), transfer integrals, and screened Coulomb interactions. The CF splitting of the three t 2g levels for the orthorhombic and monoclinic structures is shown in figure 3 .
The relative position of atomic t 2g levels in the orthorhombic phase is (0, 67, 189) meV and (0, 143, 144) meV, while in the monoclinic phase it is (0, 75, 181) meV for V1 and (0, 103, 175) meV for V1 and V2, respectively. Thus, in the orthorhombic case two of the three levels of the V2 ion are almost degenerate while in the monoclinic phase this degeneracy is lifted by the additional distortion.
The arrangement of these three t 2g orbitals in monoclinic phase of CaV 2 O 4 corresponding to the aforementioned crystal field levels is illustrated in figure 4 in global coordinate frame. In the following, for each vanadium site i (which can be either V1 or V2) we will denote the lowest, middle, and highest t 2g orbitals as φ In order to get some insight into microscopic origin of exchange interactions, one can also estimate the parameters in the superexchange approximation, starting from the atomic limit and considering virtual hoppings to the neighboring sites in the first order of 1/U 13, 16 . Then, J ij can be calculated as the energy difference between FM (↑↑) and AFM (↑↓) configurations of spins in the bond ij:
2 , where S=1. Since O-2p and V-t 2g bands are separated by the large energy gap (see figure 2) , we consider only the interactions caused by effective transfer integrals t
and neglect the direct contribution of the oxygen states.
In the case of CaV 2 O 4 , there are two electrons residing on six spin-orbitals of t 2g symmetry. Therefore, in the atomic limit, two majority-spin orbitals φ 1 and φ 2 are occupied and all other orbitals (such as majority-spin φ 3 and all minority-spin orbitals) are empty. Then, taking into account that the hoppings are allowed only between orbitals with the same spin, we will have: 
Using the values of transfer integrals, collected in table III and IV Then, we try to take into account the interactions between different chains and solve a more complex model using quantum Monte-Carlo method implemented in the ALPS simulation package 17, 18 . Because of the complexity of the problem (the existence of two inequivalent chains and different types of interactions between the chains) we have to rely on additional simplifications. First, we neglect the contributions of small and alternating (FM and AFM) interactions J ± b . As the result, the problem is reduced to the analysis of a two-dimensional model. Then, we consider the ladders, consisting of two different interactions, J 
IV. CONCLUSIONS
The electronic structure, orbital configuration and magnetic interactions of quasi-onedimensional antiferromagnet CaV 2 O 4 was studied. For these purpose, the Hubbard-type model for t 2g states have been constructed with all the parameters derived from the firstprinciples calculations. The crystal field splitting and the orbital order is found to be different for two types of crystallographically inequivalent vanadium atoms. This affects the behavior of interatomic exchange interactions, which is found to be different, in several respects, from the phenomenological picture solely based on the analysis of the crystal structure of CaV 2 O 4 and fitting of the experimental magnetic susceptibility. Particularly, we have found that the exchange interactions in two crystallographically inequivalent zigzag chains behave rather differently. Furthermore, there is a substantial interaction between the zigzag chains, which is comparable with intrachain interactions. This analysis allowed us to resolve several controversial issues, regarding the leading exchange interactions in CaV 2 O 4 and the relative roles played by the intrachain and interchain interactions. Moreover, we argues that the interaction between the zigzag chains is an important ingredient of realistic spin model, which should be taken into account, for instance, in the analysis of magnetic susceptibility data.
